KM. Artificial gravity as a countermeasure to microgravity: a pilot study examining the effects on knee extensor and plantar flexor muscle groups.
gene expression; muscle biopsy; messenger ribonucleic acid; anabolic/ catabolic markers HUMAN SPACE EXPLORATION during the past four decades has unequivocally demonstrated that gravity plays a critical role in determining the function of various physiological systems. In microgravity, the lack of gravitational forces acting on the body produces a physiological state that is characterized by substantial losses of muscle mass and function (1) , bone mass (27, 28, 33) , and cardiovascular function (12, 15, 36) as evidenced by losses in orthostatic tolerance (14, 19, 30, 40) . With respect to skeletal muscle, the loss of muscle mass can be both rapid and extensive (16, 29, 37) . For instance, Edgerton et al. (16) observed that 5-11 days of microgravity produced significant reductions (16 -36%) in muscle fiber cross-sectional area in the vastus lateralis muscle. Long-duration spaceflight (1) and bed rest (1) studies have demonstrated that losses in the mass of the triceps surae muscle group can approach 25%. An important consequence of the muscle atrophy that occurs in microgravity is a commensurate loss in muscle function, which, in some instances, can approximate a 40% deficit (1) .
The significance of muscle atrophy and loss of muscle strength in a microgravity environment extends well beyond skeletal muscle itself. Skeletal muscles play a unique role in maintaining whole body homeostasis. As the organ system of movement, the activity of skeletal muscle plays a central role in dictating the loading conditions imposed on the skeletal system, and, in so doing, is critical for maintaining/regulating bone mass. In addition, the energetic requirements of skeletal muscle dictate the demands placed on the cardiovascular system, thereby influencing key elements such as heart mass, stroke volume, and capillary density (6) .
It also should be noted that the effects of microgravity on other physiological systems occur independently of skeletal muscle activity. For instance, the loss of orthostatic tolerance is a well-known consequence of even short-duration exposures to microgravity (11, 14, 19, 30, 40) , and exercise (using both treadmills and cycle ergometers) has been shown to have little protective effect in maintaining orthostatic tolerance (13, 17, 18, 20, 21, 30 -32) .
Given these considerations, the question arises as to whether a single integrated microgravity countermeasure can be developed to effectively prevent/mitigate the breadth of physiological adaptations noted above. In this context, a short-arm centrifuge represents a potentially unique approach because it can generate "artificial gravity" (AG), which can be used in a variety of ways to impose a spectrum of forces on various physiological systems. For instance, short-arm centrifuges can be used to produce hypergravity loading conditions (38, 39) that might effectively protect both skeletal muscle and bone. Short-arm centrifuges also provide the opportunity to impose orthostatic challenges on the cardiovascular system, and it may be possible to develop AG paradigms that couple the countermeasure needs of skeletal muscle, bone, and the cardiovascular system, thereby preventing the physiological deconditioning that normally occurs in microgravity.
Given this background, the current study represents an initial step in developing a long-term research program dedicated to exploring the use of AG as a countermeasure to microgravity. This involved building a unique research short-arm centrifuge, assembling a multidisciplinary research team, and performing a demonstration project whereby subjects underwent 21 days of bed rest with or without daily 1-h exposures to AG. With respect to skeletal muscle, we tested two primary hypotheses: 1) AG is effective in maintaining/blunting the loss of muscle function that normally occurs as a result of bed rest; and 2) AG is effective in blunting the induction of a catabolic state as reflected by molecular markers of growth and atrophy.
MATERIALS AND METHODS

Subjects and centrifugation.
Male subjects (29 Ϯ 3 yr, 81 Ϯ 9 kg, 176 Ϯ 7 cm) were recruited to participate in this study and were subjected to either 21 days of 6°head-down tilt bed rest (BR group; n ϭ 7) or 21 days of bed rest plus daily exposures to artificial gravity (AG group; n ϭ 8). Those subjects in the AG group were subjected to daily 1-h bouts of 2.5 G z (as measured at the feet) and were instructed to perform ad libitum shallow knee bends and heel raisers so that the muscles could act as pumps (i.e., muscle pumps), minimizing the pooling of blood in the legs. Centrifugation was performed using a short-radius centrifuge whose foot support was ϳ220 cm from the center of rotation. The dimensions of a short-arm centrifuge represent an important advantage because 1) they are compatible with the dimensions of the Shuttle Transport System and the International Space Station and 2) they obviate the need for alternative strategies such as spinning the space craft to achieve similar G z values. The results presented in this study are from a broad multisystem study that also examined the responses of the cardiovascular, vestibular, skeletal, and immune systems. Given the pilot nature of this study, 2.5 G z was selected because it had the potential to impose high loading conditions on the musculoskeletal system and a strong orthostatic challenge on the cardiovascular system without producing loss of consciousness. Based on the positive findings of this study, future investigations are planned to attempt to optimize loading conditions to preserve muscle mass and function. All subjects were recruited and screened through the Johnson Space Center (JSC) Human Test Subject Facility. All subjects were required to provide written consent to participate in this study. The protocol was approved by the JSC Committee for the Protection of Human Subjects, the UTMB Institutional Review Board, and the General Clinical Research Center (GCRC) Advisory Committee.
Isokinetic testing of muscle strength. In this study, muscle strength was assessed by making measurements of torque-velocity relationships for the knee flexors/extensors and ankle plantar/dorsiflexors by using a Cybex dynamometer. The subjects were seated on a chair with a slightly reclined backrest with the left thigh resting on and securely strapped to the seat. The subjects were allowed to become accustomed to the function of the test apparatus 1 wk before the first test session. During each test session, the subjects performed three to five trials at each test speed with ϳ10 s of rest between efforts. Subjects were encouraged to make maximal efforts throughout the range of motion (Ϫ1.75 to 0 rad; where 0 rad ϭ horizontal plane). The test speeds used for the knee extensors were 0, 0.87, 1.74, 2.61, 3.49, 4.36, and 5.24 rad/s. For the plantar flexors, we used angular velocities of 0, 0.52, 1.05, 1.57, 2.09, 2.62, 3.14, 3.66, and 4.19 rad/s. The best effort at each speed was used for data analyses. Calibration of the dynamometer was checked before each test session. To more accurately describe the torque-velocity relationships of the knee extensors, we employed a correction for the gravitational moment of the limb-lever system.
Measurements of muscle fiber cross-sectional area. Muscle biopsy samples were taken from the vastus lateralis and soleus muscles. Biopsies of the soleus muscle were obtained by having the subjects lie on their side with the foot in a plantar flexed position (to provide better separation from the gastrocnemius muscle). Muscle samples were mounted on cork and quickly frozen in isopentane cooled with liquid nitrogen. Subsequently, muscle samples were serially sectioned in a cryostat (Ϫ20°C) at 10-m thickness and placed on glass slides. The tissue sections were allowed to air dry and subsequently stained using hematoxylin and eosin. Sections were examined using a Leica DMLS light/fluorescent microscope, and images were digitally captured for analyses of muscle cross-sectional area (n ϭ 50 fibers per muscle sample) using NIH Image J software (Scion).
Total RNA isolation. Total RNA was extracted from preweighed frozen muscle samples using the TRI reagent (Molecular Research Center, Cincinnati, OH) according to the company's protocol, which is based on the method described by Chomczynski and Sacchi (10) . Extracted RNA was precipitated from the aqueous phase with isopropanol and, after being washed with ethanol, was dried and suspended in a known volume of nuclease-free water. The RNA concentration was determined by optical density at 260 nm (using the conversion factor of 40 g/ml per unit of optical density of 260 nm). The muscle total RNA concentration was calculated based on total RNA yield and the weight of the analyzed sample. The RNA samples were stored frozen at Ϫ80°C for subsequent analyses for specific gene expression.
RNA slot blotting. Slot blotting was utilized to determine total myosin heavy chain (MHC) mRNA expression as described previously (22) . One microgram of total RNA was denatured and applied onto a positively charged nylon membrane (GeneScreen plus; NEN) using a slot blot apparatus (Schleicher and Schuell). After ultraviolet fixation, the membrane was hybridized with a common antisense MHC mRNA probe used to determine the total MHC mRNA expression. The MHC probe is complementary to the coding region 500 nucleotides upstream from the stop codon of type I MHC mRNA. This region is 100% identical in all the MHC isoforms, and the obtained signal corresponds to the total population of MHC mRNA expressed in human muscle. After the MHC signal was obtained, the membrane was washed off via boiling in 1% SDS, and the membrane was reprobed to determine 18S ribosomal RNA. An antisense 18S ribosomal RNA probe in which the signal is directly proportional to the amount of total RNA was used to normalize for possible variability in the amount of loaded RNA per slot. Probes were 5Ј end-labeled with 32 P using -ATP and T4 polynucleotide kinase. Hybridization and washing procedures were carried out as described previously (23) . Hybridization signals were detected and analyzed using a Phosphorimager and Image Quant analysis software (Molecular Dynamics). For each sample, the MHC mRNA signal was normalized to the corresponding 18S signal. The slot blot hybridization signal for these probes was strongly correlated with the amount of loaded total RNA ranging from 0.25 to 2 g per slot. The sequence of oligonucleotides probes used for hybridization is reported in Table 1 . For each sample, the total MHC mRNA was normalized to the muscle weight by using the corresponding muscle RNA concentration as the normalizing factor.
Reverse transcription-polymerase chain reaction. An end-point RT-PCR method was applied to study the expression of specific mRNAs. The sequences for the primers used for the specific target mRNAs are shown in Table 1 . One microgram of total RNA was reverse transcribed into cDNA for each muscle sample using the SuperScript II RT from Invitrogen (Life Technologies, Carlsbad, CA) and a mix of oligo(dT) (100 ng/reaction) and random primers (200 ng/reaction) in a 20-l total reaction volume at 45°C for 50 min, according to the provided protocol. At the end of the RT reaction, the tubes were heated at 90°C for 5 min to stop the reaction and were then stored at Ϫ80°C until used in the PCR reactions for specific mRNA analyses. For each specific target mRNA, the RT and PCR reactions were carried out under identical conditions by using the same reagents premixed for all of the samples that were compared in the study. To validate the consistency of the procedures, at least one representative from each group was included in each RT-PCR run, and each sample was run in duplicate for the PCR reaction. For each primer set, PCR conditions (cDNA dilutions, MgCl2 concentration, and annealing temperature) were set to optimal conditions and normalized so that the target mRNA product yields were in the linear range of the semi logarithm plot when the yield was expressed as a function of the number of PCR cycles, and, for a given condition, target mRNA PCR yields were tightly correlated to input cDNA (5) . As an additional consideration, non-reverse transcribed RNA was used in the PCR reaction at the same dilution as used in the cDNA and gave no signals, ensuring that the PCR signals were from cDNA products and not genomic DNA. PCR signal representing a specific mRNA expression was normalized to tissue weight by using total RNA concentration to generate the calculation. Reporting RNA expression per unit muscle weight is preferred, since the total RNA concentration may vary in muscle tissue in response to training or other activity paradigms, whereas the traditional internal controls such as GAPDH and large ribosomal proteins were shown not to vary in muscle subjected to different activity paradigms (24) .
Statistical analyses. For the torque-velocity relationship, the postbed rest value was expressed as a percentage of the pre-bed rest value. These data were then analyzed using a two-way ANOVA (group and velocity as main factors). The RNA and PCR data (pre vs. post) were analyzed using a paired t-test. Each data point is reported as a mean Ϯ SE. Statistical significance was defined as P Յ 0.05, and all analyses were performed using Systat 10.2.01 (Systat Software, San Jose, CA).
RESULTS
Torque-velocity relationships. The torque-velocity relationships for the knee extensors and plantar flexors are shown in Figs. 1 and 2. As shown in Fig. 1 , the knee extensors for both the BR and AG groups lost strength as reflected by the lower post-bed rest torque values (see Fig. 1C ). Interestingly, this loss in strength was greatest in the BR group as evidenced by a significant group effect (P ϭ 0.039; F ratio ϭ 4.4). As shown in Fig. 2, 21 days of bed rest produced a loss in the control group plantar flexor strength that averaged ϳ7% across the spectrum of test speeds. In contrast, AG was effective in producing an increase in muscle strength (mean ϭ 7%; Fig.  2C ) at each of the test speeds, and comparisons between the plantar flexors of the control and AG groups resulted in a significant group effect (P Ͻ0.001; F ratio ϭ 15.2).
Muscle fiber cross-sectional area. As shown in Fig. 3 , the cross-sectional area of the vastus lateralis was unaffected by both BR and AG. In contrast, the muscle fiber cross-sectional area of the BR soleus muscle was reduced by ϳ20%. Importantly, it should be noted that AG was very effective in maintaining the muscle fiber cross-sectional area of the soleus muscle ( Fig. 3 ; P Ͻ 0.05).
Molecular markers of growth and atrophy. In the current study, we used total RNA concentration as a marker of the translational capacity. As shown in Fig. 4A , neither bed rest nor the AG countermeasure significantly affected total RNA concentration. The transcriptional capacity of key cytoskeletal proteins was assessed by examining changes in the mRNA levels of actin and total MHC. Total MHC mRNA levels in the vastus lateralis were markedly reduced (ϳ20 -35%) in both the BR and AG groups (Fig. 4B) . There also was a large decrease (ϳ40%) in the total MHC mRNA level in the BR soleus muscle, whereas AG appeared to effectively prevent such changes. As shown in Fig.  4C , the actin mRNA level was significantly decreased in the vastus lateralis of the BR group. Neither intervention affected the actin mRNA levels in the soleus muscle.
Myostatin and atrogin are genes that exert a negative influence over muscle mass, and on this basis, it might be proposed that 1) the catabolic state created by microgravity would lead to an elevation in their mRNA levels, and 2) the loading imposed on the muscle by AG would prevent such changes in myostatin and atrogin mRNA levels. The trends shown in Fig. 5 appear to be consistent with this perspective; however, none of the changes were statistically significant.
Myosin mRNA isoform phenotypes. The MHC mRNA isoform profile for vastus lateralis and soleus muscles in the control and AG groups are shown in Fig. 6 . Note that neither BR nor AG had a significant effect on the slow type I MHC mRNA levels in the vastus lateralis, whereas there was a large reduction in the soleus muscle of the BR group (Fig. 6A) . In contrast, AG appears to have been effective in minimizing the loss of the slow type I MHC mRNA in the soleus muscle of the AG group (Fig. 6A) . The levels of the fast type IIA MHC mRNA were unchanged in the vastus lateralis and soleus muscles of the BR and AG groups (Fig.  6B) . Bed rest produced significant increases in the fast type IIX MHC mRNA levels in both the vastus lateralis and soleus muscles (Fig. 6C) . Similar increases also were observed in the AG group. Collectively, these findings suggest that BR produced a faster MHC mRNA phenotype and that this was partially blunted by the AG countermeasure (see slow type I MHC mRNA levels in the soleus muscle).
DISCUSSION
Many physiological systems are influenced by the loading conditions imposed by gravity. With respect to a microgravity environment, the types of adaptations that occur result in MHC, myosin heavy chain; Fwd, forward primer; Rev, reverse primer. Note that PCR primers are on exons spanning introns; this way, the PCR signal is from cDNA amplification, since any genomic DNA will not amplify under the applied PCR conditions. These primers were purchased from Operon Biotechnology (Huntsville, AL). structural and functional alterations that reduce overall physiological capacity, and these are perhaps best illustrated by overt losses in muscle mass, strength, and orthostatic tolerance. Currently, optimal countermeasures for preventing these adaptations have not been developed, and this gives rise to the possibility that periodic or continuous exposure to AG may be an effective means for preventing these adaptations. In this context, the findings of the current study are unique in several regards. First, they demonstrate that human subjects can undergo daily exposures to a rotating environment without developing significant degrees of motion sickness. Second, we observed that AG was partially effective in maintaining the functional properties of the knee extensors and plantar flexors as evidenced by torque-velocity measurements. Third, periodic exposure to AG appears to be beneficial with respect to maintaining muscle mass as evidenced by muscle fiber crosssectional area. Finally, we observed a trend suggesting that AG may be effective in minimizing the development of a catabolic (i.e., atrophy) profile.
Burton (8) commented that "the human centrifuge has been used for over 50 years as an enormously important research tool for delving into the mysteries of the acceleration environment. It is time that we develop an applied use for this valuable tool and let it support the human in space. But, as in any developmental process, applied uses will have to be determined, so we had better get started!" This statement nicely summarizes the genesis for the current set of projects. During the past 5-10 years, several human-powered short-arm centrifuge designs (29, 39 , 53) have been described in the literature. However, few studies have examined the effectiveness of short-arm centrifuges as countermeasures to microgravity, and in this regard, the current collection of studies is unique. From a conceptual perspective, the use of AG as a countermeasure to microgravity is attractive because it produces inertial forces that can be used to mimic those normally produced by gravity. In a sense then, short-arm centrifuges can functionally be used to add back gravity while in a microgravity environment. Given the lack of research in this area, the optimal AG countermeasure prescription is unknown, and as a result, even the most rudimentary issues remain unresolved. As just one example, it is unclear whether astronauts must be continuously exposed to AG or whether short periods of AG are just as effective.
AG can be used to mitigate functional losses induced by microgravity. In this regard, the findings of this study are quite important because they demonstrate that even short exposures to AG may be effective in mitigating the effects of microgravity. For instance, we observed that daily exposures to AG partially reversed the loss in knee extensor muscle strength due to bed rest. With respect to the plantar flexors, AG actually increased the muscle strength as reflected by increases throughout the torque-velocity relationship. Importantly, the success of this low-intensity AG countermeasure program raises the intriguing possibility that more intense loading regimes produced by higher G z may be capable of further mitigating the effects of microgravity. Yang et al. (38) recently demonstrated that subjects could perform squats under hypergravity conditions that produce foot forces equivalent to those produced while performing 10-repetition-maximum squats in a normal 1-G z environment (i.e., foot forces Ͼ3 times body weight). Hence, it is clear that AG can be used to produce very high loading conditions on skeletal muscle.
The concept that AG may be used as an effective countermeasure to microgravity is further supported by the work of Akima et al. (2), who demonstrated that cycle ergometry under Fig. 3 . Effects of BR and AG on muscle fiber cross-sectional area. Note that although 21 days of BR did not affect the muscle fiber cross-sectional area of the vastus lateralis (VL), there was a significant loss in that of the soleus (SOL) muscle. Importantly, AG was effective in preventing any loss in muscle fiber cross-sectional area of the SOL muscle. Each value is a mean Ϯ SE. *P Յ 0.05. Fig. 4 . Effects of BR and AG on key markers of transcriptional and translational capacity. Note that neither BR or AG affected the total RNA concentration (Conc), as shown in A. Total myosin heavy chain (MHC) mRNA levels were significantly reduced by BR, and AG was unable to blunt or prevent these changes in the SOL muscle (B). Total ␣-skeletal actin (␣ Sk actin) mRNA levels were unaffected by either intervention (C). AU, arbitrary unit. Each value is a mean Ϯ SE. *P Յ 0.05; **P Յ 0.01. Fig. 5 . Effects of BR and AG on key catabolic markers. As shown in A, 21 days of BR produced an elevation in myostatin mRNA levels in the SOL muscle, and this effect was blunted by the AG countermeasure. A similar trend also was observed for atrogin mRNA levels (B). Each value is a mean Ϯ SE.
hypergravity conditions was partially effective in preventing losses in strength and muscle volume. These investigators observed that 20 days of bed rest produced a 23% loss in isometric strength, whereas bed rest subjects who performed cycle ergometry under hypergravity conditions lost only 7% of their isometric strength. Correspondingly, there was a 9% loss in muscle volume in the bed rest subjects, whereas AG countermeasure subjects lost only 1% of their muscle volume. Of importance, it should be noted that AG countermeasure program employed by Akima et al. (2) required the knee extensors to produce relatively low forces (i.e., with respect to their maximal isometric strength), and this raises the possibility that high levels of AG may not be necessary to maintain muscle strength.
In developing AG countermeasure paradigms to prevent muscle atrophy and loss of muscle function, it will be important to determine whether the response to AG is muscle specific and dependent on muscle fiber type. These are important considerations given the findings of other countermeasure studies. For instance, Alkner and Tesch (3) observed that a flywheel resistance training program was effective in maintaining knee extensor muscle function and volume during 29 (3) and 90 days (4) of bed rest. Importantly, in both studies, the effects were not as robust for the plantar flexors of the ankle. In light of these observations, it is interesting to note that the AG countermeasure used in the current study appeared to be more effective (at the functional level) for maintaining the function of the plantar flexors. This might be due to the fact that the plantar flexors were loaded (on a relative basis) to a greater extent than the knee extensors. Since both muscle groups worked against the same load and the plantar flexors have a smaller cross-sectional area, they must have worked at a higher percentage of their maximal isometric tension, perhaps producing a more effective countermeasure to bed rest.
AG can prevent loss in muscle fiber cross-sectional area and induction of catabolic state. The protective effects of AG on the plantar flexors were manifested not only at the functional level but also at the cellular and molecular levels, as well. For instance, 21 days of BR produced a 20% reduction in muscle fiber cross-sectional area in the soleus muscle, whereas it was unchanged in the AG group. Consistent with these observations, we observed a trend in the soleus muscle whereby the mRNA levels of myostatin (P ϭ 0.09) and atrogin (P ϭ 0.12) were elevated to a greater extent in the BR group. The elevation of both of these factors in the BR group is consistent with the induction of a catabolic state. Myostatin is thought to be a negative regulator of muscle mass, and although its exact role in adult animals has not been clarified, reports indicate that its elevation may negatively influence protein synthesis (25) . In addition, various types of muscle atrophy (25) appear to be associated with elevations in myostatin. With respect to atrogin, a number of studies have shown that models of disuse result in an elevation of its mRNA levels (26, 34, 35) . Studies with genetically modified mice have demonstrated that knockout of this gene blunts the atrophy that normally results from denervation (7) . Collectively, the ability of AG to maintain muscle fiber cross-sectional area and prevent elevations in myostatin and atrogin mRNA levels is an important corollary to the functional data.
Can artificial gravity prevent slow-to-fast transitions in MHC phenotype? Given this background, it is somewhat surprising to note that AG was not more effective in preventing 1) losses in total MHC mRNA levels and 2) slow-to-fast isoform MHC mRNA isoform transitions. Bed rest produced significant reductions (ϳ35%) in the total MHC mRNA levels in both the vastus lateralis and soleus muscles. This is an interesting observation given that the actin mRNA levels were unaffected in either muscle, and this observation perhaps suggests that the transcriptional regulation of myosin is much more sensitive to loading state than is actin. Mechanical unloading of skeletal muscle (especially in slow muscles like the soleus) typically produces a slow-to-fast transition in MHC isoform expression at both the protein and mRNA levels (9) . Consistent with this classic hallmark of unloading, we observed that bed rest produced a large increase in the fast type IIX MHC mRNA level that was greatest in the soleus muscle. Fig. 6 . Effects of BR and AG on MHC mRNA isoform profile in the VL and SOL muscles. As shown in A, BR produced a significant reduction in the slow type I MHC mRNA isoform in the SOL muscle, and AG was partially effective in preventing a loss in this key MHC mRNA pool. Neither BR nor AG affected the mRNA levels of the fast type IIA MHC isoform (B). BR produced a significant elevation in the fast type IIX MHC mRNA levels in both the VL and SOL muscles (C). Importantly, it should be noted that AG was unable to blunt this effect. Each value is a mean Ϯ SE. *P Յ 0.05; **P Յ 0.01.
Interestingly, AG was unable to mitigate this slow-to-fast transition in either the vastus lateralis or soleus muscle. We suspect that this reflects the minimal amount of resistance loading placed on these muscle groups.
Key limitations. It is somewhat surprising that 21 days of bed rest did not produce a more robust loss of muscle strength. This may reflect an overall low level of fitness in these subjects. The mean maximal oxygen uptake was ϳ36 ml O 2 ⅐kg Ϫ1 ⅐min Ϫ1 in the BR subjects, and this is certainly at the lower limit of the current pool of astronauts. Hence, the response of subjects with a greater fitness level (i.e., similar to that of astronauts) may have been more robust than the subjects who participated in this study. As indicated in MATERIALS AND METHODS, subjects were allowed to perform shallow knee bends and heel raisers. Given the "pilot project" nature of this study, no attempt was made to control the number of repetitions or the loading conditions imposed on the target muscles. It is clear that these represent important variables that need to be controlled in future studies, and in so doing, it should be possible to determine the true extent to which AG can be used as a countermeasure to microgravity (i.e., preventing the loss of muscle mass and function and shifts in key contractile protein isoforms).
Summary. There are three key findings of this study. First, AG proved effective in maintaining muscle function relative to the BR group. This is very encouraging given that it is unlikely that the approach used in the current study represents an optimal AG countermeasure paradigm. In this regard, it seems reasonable to suggest that AG paradigms that employ greater loading conditions may prove to be even more effective. Second, AG was effective in preventing losses in muscle fiber cross-sectional area in the plantar flexors. Finally, it is important to note that AG was not able to protect total MHC mRNA levels and the slow phenotype of the soleus muscle. Although these effects were not manifested at either the functional or the morphological levels, this later finding suggests that the AG paradigm employed in the current study did not universally protect all cellular/molecular systems. Certainly, this provides an important basis for pursuing additional studies that attempt to optimize the AG countermeasure prescription, especially as it relates to longer durations of microgravity as might occur during exploration class missions.
